The WH2 (Wiscott-Aldridge syndrome protein homology domain 2) repeat is an actin interacting motif found in monomer sequestering and filament assembly proteins. We have stabilized the prototypical WH2 family member, thymosin-b4 (Tb4), with respect to actin, by creating a hybrid between gelsolin domain 1 and the C-terminal half of Tb4 (G1-Tb4). This hybrid protein sequesters actin monomers, severs actin filaments and acts as a leaky barbed end cap. Here, we present the structure of the G1-Tb4:actin complex at 2 Å resolution. The structure reveals that Tb4 sequesters by capping both ends of the actin monomer, and that exchange of actin between Tb4 and profilin is mediated by a minor overlap in binding sites. The structure implies that multiple WH2 motifcontaining proteins will associate longitudinally with actin filaments. Finally, we discuss the role of the WH2 motif in arp2/3 activation.
Introduction
Thymosin-b4 (Tb4) is the ubiquitous actin monomer sequestering protein in mammalian cells (dos Remedios et al, 2003) . It provides a buffer of ATP-actin monomers that participates in actin polymerization-reliant processes such as cell movement and cytokinesis. Tb4 has a moderate affinity for ATPactin (K d ¼ 1 mM) and, in cells, is often present at concentrations in excess of the actin monomers (Hartwig, 1992; Weber et al, 1992) . The reservoir of actin monomers, stored as the Tb4:actin complex, can be dissociated by profilin . The profilin:actin pool is then free to join the barbed end of a filament and allow elongation Kang et al, 1999) . In the presence of barbed end capping proteins, both Tb4 and profilin function as sequestering proteins, maintaining a high concentration of nonpolymerized actin.
Tb4 displays an enigmatic binding behavior towards actin. Profilin, vitamin D-binding protein (DBP), gelsolin domain 1 and DNase I all have been shown to compete directly with Tb4 in binding to actin (Ballweber et al, 1997 (Ballweber et al, , 1998 . However, DNase I can form a ternary complex with Tb4:actin in the presence of crosslinking agents (Ballweber et al, 1997) , and affinity chromatography, ultracentrifugation and fluorescence anisotropy data all point towards the competition between profilin and Tb4 being mediated through a ternary complex with actin (Yarmola et al, 2001) . Furthermore, at concentrations higher than 20 mM, Tb4 is no longer simply a sequestering protein, but shows weak cooperative binding to actin filaments (K d ¼ 5-10 mM; Carlier et al, 1996) . The filament-bound Tb4 appears to weaken the actin-actin contacts across the filament, changing the filament twist, often separating the strands and aggregating filaments (Carlier et al, 1996; Ballweber et al, 2002) . Hence, Tb4 has been proposed to inhibit polymerization by interfering with lateral actin-actin bonds rather than longitudinal contacts (Carlier et al, 1996) .
Tb4 is one of the several small (5 kDa, 41-44 residues) closely related b-thymosins (Huff et al, 2001 ). Tb9, Tb10 and Tb15 bind approximately twice as strongly to actin when compared to Tb4 (Jean et al, 1994; Sun et al, 1996; Eadie et al, 2000) . Increasing the affinity of the protein for actin, by exchanging Tb4 for Tb10, or increasing the concentration of Tb4, causes loss of F-actin. In vivo, the resultant, larger available pool of sequestered actin leads to increased cell motility (Eadie et al, 2000) . In some non-mammalian eukaryotes, the Tb4 actin-binding motif has been multiplied. The amoeba protein, actobindin, consists of two Tb4-like motifs, whereas Drosophila ciboulot has three such repeats. The multiplication of the actin-binding motif results in proteins that are not only able to cap actin filament pointed ends but also are able to participate directly in barbed end elongation (Boquet et al, 2000; Hertzog et al, 2002) .
The Tb4 protein family is a distinct subfamily of a broader group of related proteins, the WH2 motif-containing proteins (Wiscott-Aldridge syndrome protein (WASp) homology domain 2; Paunola et al, 2002) . This family includes WASp, WAVE/Scar (WASp family verprolin homologous protein/ suppressor of cAMP receptor), WIP (WASp interacting protein) and CAP (adenylyl cyclase-associated protein). The WH2 motif represents a small fraction of these large, multidomain proteins and it resides adjacent to polyproline-rich motifs, which in some cases have been shown to bind profilin. WASp and WAVE are activators of the arp2/3 complex that yield their bound actin for barbed end elongation (Welch and Mullins, 2002) . CAP has been identified as an actin monomer sequestering protein; however, its colocalization with other actin-binding proteins, cofilin and aip1 (actin interacting protein 1), suggests a more complex role (Bertling et al, 2004) .
In aqueous solutions, Tb4 does not adopt a single folded structure (Domanski et al, 2004) . NMR studies in water at 141C show Tb4 to consist of a single helix, residues 5-16 (Czisch et al, 1993) . In contrast, circular dichroism analysis suggests isolated Tb4 to have an average of six helical residues and its actin-bound form to contain twice that number . Mutagenesis analysis reveals the functionality of the first helix of Tb4 to terminate at residue 16 (Simenel et al, 2000) . The NMR structures of Tb4 and Tb9 have been solved in alcohol/water mixes. Both consist of two helices, comprising residues 4-16 and 30-40 in Tb4 and residues 4-27 and 32-41 in Tb9 (Zarbock et al, 1990; Stoll et al, 1997) . More recently, NMR studies have confirmed the existence of the two helices in the actin-bound form of Tb4 (Domanski et al, 2004) , and the interactions of the N-terminal helix with actin have been defined by the crystal structure of ciboulot:actin complex .
The absence of a crystal structure for an actin-bound C-terminal half of a WH2 motif, combined with Tb4's flexible nature and modest affinity for actin, led us to seek methods to stabilize the motif with respect to actin. Recently, we elucidated the structure of a gelsolin fragment in complex with actin (Irobi et al, 2003) , from which we proposed that a section of the gelsolin:actin recognition determinant is homologous with the central region of the WH2 motif. In the present study, we have constructed a hybrid protein based on this homology, consisting of the first domain of gelsolin (G1) and the C-terminal half of Tb4. The crystal structure of the hybrid protein in complex with actin (G1-Tb4:actin) reveals for the first time the actin-binding conformation of the C-terminal half of Tb4 and provides a framework for understanding the role of the WH2 motif in its wide range of protein settings.
Results

G1-T b4 severs and caps actin filaments
In a first step to determine the activity of this hybrid protein, we compared the effect of the G1-Tb4 (consisting of gelsolin residues 27-152 and Tb4 residues 21-43) with G1 þ (gelsolin residues 25-160) on actin assembly ( Figure 1A and B) . At substoichiometric concentrations, G1 þ and G1-Tb4 inhibit actin polymerization in a concentration-dependent manner, suggesting that both proteins cap the barbed ends of actin filaments, although G1-Tb4 exhibited a lower efficiency. Hence, the presence of the C-terminal half of Tb4, within G1-Tb4, reduces the efficiency of capping at the barbed ends of actin filaments. Subsequently, we characterized the severing activities of G1 þ and G1-Tb4 ( Figure 1C) . A constant concentration of actin filaments was incubated for 1 min with increasing concentrations of G1 þ or G1-Tb4, these mixtures were then used as seeds for elongation of pyrene-labeled actin monomers. The initial rate of elongation increased with the concentration of G1 þ ( Figure 1C , black) indicative of G1 þ severing actin filaments and elongation from the free pointed ends. The severing activity of G1 þ was confirmed by visualizing actin filaments with rhodamine phalloidin by light microscopy (Figure 1D and E; Blanchoin et al, 2000) . G1 þ generated short filaments ( Figure 1E ; mean length ¼ 1.3 mm) in comparison to actin filaments alone ( Figure 1D ; mean length ¼ 10 mm). Similarly, G1-Tb4 severs actin filaments ( Figure 1F ; mean length ¼ 1.9 mm). However, in the elongation assay, the initial rate of elongation increases to a maximum before declining ( Figure 1C , red), suggesting that G1-Tb4 is more than a simple severing protein and may also interfere with pointed end assembly. These data suggest that while the presence of G1, within G1-Tb4, dominates the Figure 1 Characterization of the effect of G1 þ and G1-Tb4 on actin filaments. (A, B) Time course of actin polymerization in the presence of G1 þ or G1-Tb4. The fluorescence intensity of 4 mM actin (5% pyrene labeled) was followed during polymerization. (A) Black, actin alone; red, addition of 20 nM G1 þ ; blue, 270 nM G1 þ ; and green, 540 nM G1 þ . (B) Black, actin alone; red, addition of 50 nM G1-Tb4; blue, 200 nM G1-Tb4; and green, 600 nM G1-Tb4. (C) Elongation assay for the effect of G1 þ or G1-Tb4 on the number of free actin filament ends. Mixtures of G1 þ or G1-Tb4 and 1 mM actin were equilibrated before the addition of 1 mM pyrene-actin monomers and polymerization was followed by fluorescence. The dependence of the relative initial rate of polymerization was calculated from the initial slope of the elongation curves and is plotted against concentration of G1 þ (black) and G1-Tb4 (red). (D-F) Fluorescence micrographs of (D) actin filaments, (E) actin filaments incubated with 80 nM G1 þ and (F) actin filaments incubated with 80 nM G1-Tb4. activity of the hybrid protein, the Tb4 portion also recognizes its binding site on actin monomers reducing the efficiency of the complex in capping the barbed ends of actin filaments.
Structure of the G1-T b4:actin complex G1-Tb4 was bound to rabbit muscle actin and purified by gel filtration chromatography. Crystals grown from the complex diffracted to a resolution of 2 Å and resulted in the present structure (Figure 2A and B; Table I ). G1 (royal blue) binds to actin (sky blue) in the established manner between subdomains 1 and 3 (McLaughlin et al, 1993) . The homologous region between Tb4 and gelsolin (red, Tb4 residues 17-23, gelsolin residues 149-155) extends up the face of actin subdomain 1 and includes a short b-sheet-like interaction between gelsolin residue His151 and actin residues 22-25 (Irobi et al, 2003) . The Tb4 sequence (gold) continues in this direction, forming another b-sheet interaction with actin subdomain 1 (Tb4 residues 24-26 and actin residues 28-30).
The chain then travels up the interface between actin subdomains 2 and 4, ending in an a-helix (residues 30-40) that caps the pointed end of the monomer at the junction between subdomains 2 and 4. There is no interpretable electron density for the final four Tb4 residues. Only one homologous residue is present in both the Tb4 portion of the G1-Tb4:actin structure and the previously published ciboulot:actin structure (Glu21 in Tb4, Ser34 in ciboulot; Hertzog et al, 2004) .
Crystallographic statistics indicate that this is a well-refined structure (Table I) . Electron density maps show good density in the Tb4 portion of this construct ( Figure 3A) , which displays an intimate association with actin, forming many specific interactions (Table II) . The average B-factor within the Tb4 portion is higher than for the rest of the structure, 34.7 Å 2 compared to 21.0 and 19.0 Å 2 for actin and G1, respectively. These values are in line with those refined for ciboulot:actin (38.6 Å 2 for ciboulot and 25.6 Å 2 for actin; Hertzog et al, 2004) . The structure of WH2 motif lacks a hydrophobic core and thus displays relatively higher mobility, reflected in the average B-factors, even when bound to actin. Of residues 22-39, only four do not form side-chain interactions with actin (Ser30, Glu32, Glu35 and Gln39). However, Ser30 forms the hydrogen bond to Glu32 that initiates the Tb4 C-terminal helix, leaving only Glu35 and Gln39 without functional roles.
Within the homologous region shared by Tb4 and gelsolin (Tb4 residues 17-23; Figure 4 ), mutagenesis studies have identified Lys18 to be an important binding residue and have suggested that the LKKTET motif (residues 17-22) should not form a helical structure in order to bind to actin (Simenel et al, 2000; Irobi et al, 2003) . This motif adopts an extended conformation in the actin-bound structure with gelsolin residue Lys150 (equivalent of Lys18 in Tb4) interacting with actin residue Asp24. In this structure, Thr6 is the first ordered actin residue, which lies at a distance of 9 Å from gelsolin residue Lys150. This is consistent with the observation that Tb4 residue Lys18 can be crosslinked to actin residues 1-4 . Comparison of this structure with the ciboulot:actin structure , a structure that terminates in the LKKTET motif, by superimposition of only the actin structures reveals that gelsolin residues 149-152 and ciboulot residues 30-33 also directly superimpose and confirms the validity of the hybrid design ( Figure 2D ). In the C-terminus of Tb4, residue Lys38 has been crosslinked to actin residue Gln41 . While actin residues 39-50 are disordered in this structure, the distance between actin residue Pro38 and Tb4 Lys38 is 14.2 Å , verifying that the C-terminus of Tb4 also binds to an appropriate position on the surface of actin. Tb4 residues 23-39 are not involved in crystal contacts, and are therefore unlikely to be perturbed by the crystal environment. Taken together, the crosslinking data, the structural similarity of the actin interaction of the LKKTET motif with ciboulot, the crystallographic statistics and the extensive binding interface allow us to assert that the structure of the Tb4 portion of the G1-Tb4 construct provides an accurate representation of the binding geometry of the Tb4:actin complex.
The LKKTET motif also has been proposed to exist in several non-WH2-containing proteins, including the villin head piece, tropomyosin, myosin, fimbrin and a-actinin (Vaduva et al, 1997) . Barring a structural rearrangement in 
Based on 5% of the data. Figure 2C . In each representation, the models are aligned based on the C-terminal minus-end capping helix and colored as in Figure 2B . this region, away from a helical conformation, these proteins will adopt a different actin-binding mode.
Model of T b4:actin complex
A variety of evidence points towards the N-terminal 16 residues of Tb4, which were not included in the G1-Tb4 construct, adopting a mainly a-helical conformation. The NMR structures of Tb4 in water or an alcohol:water mix and the NMR structure of Tb9 in alcohol:water mix ( Figure  3B and C) display a helical nature in this region (Zarbock et al, 1990; Czisch et al, 1993; Stoll et al, 1997) . A peptide consisting of Tb4 residues 5-20 is induced to form a helix in trifluoroethanol solutions, as monitored by circular dichroism, and its affinity for actin is enhanced by an order of magnitude in these solutions (Feinberg et al, 1996) . Mutagenesis analysis has demonstrated that this N-terminal helix of Tb4 functionally terminates at residue 16 and that it interacts with actin through a hydrophobic patch (Met6, Ile9 and Phe12, residues that are particularly well conserved within the WH2 family of proteins; Figure 4 ), and through Lys14 forming a charged interaction with actin Simenel et al, 2000) . Furthermore, Tb4 residue Lys3 has been crosslinked directly to actin residue Glu167 . All these data are consistent with the recently published structure of the N-terminus of ciboulot bound to actin (Hertzog et al, 2004) .
We constructed a model of whole Tb4 bound to actin, based on the present structure, in three steps ( Figure 2C ). First, gelsolin residues 27-148 were removed. Second, Tb4 residues LKKT replaced the homologous gelsolin region FKHV. Finally, ciboulot residues equivalent to Tb4 residues 1-16, from the superimposed ciboulot:actin structure, were included . The model predicts the Tb4 N-terminal helix to approximate the path of the long helix from G1, albeit with opposite polarity (Figure 2B and C) .
Comparison of the NMR structures of Tb4 and Tb9 determined in alcohol/water mixes with the actin-bound model of Tb4 (Figure 3B-D) illustrates a number of similarities (Zarbock et al, 1990; Stoll et al, 1997) . Each structure contains a C-terminal helix preceded by an unstructured region, and an N-terminal helix. Despite these similarities, the relationships among these structural elements are very different. Tb4 is known to be flexible in aqueous solution, adopting the stable actin-bound conformation only in the presence of actin (Safer and Chowrashi, 1997; Domanski et al, 2004) . Hence, Figure 3B and C represents a sample of possible Tb4 solution conformations that are able to fold on the surface of actin to adopt the single actin-bound structure, modeled in Figure 3D . The large percentage of the surface of Tb4 in contact with actin reflects an enthalpic compensation for the unfavorable entropy change associated with formation of the complex. Figure 4 Sequence alignment of the WH2 family of proteins based on structural considerations. Yellow, conserved residues in the Tb4 structure; pink, conserved residues in the G1 structure; gray, Tb4 homologous residues in the model; pale blue, conserved residues in the model throughout the WH2 family with the exception of the Tb4 subfamily; orange, acidic residues within the A region; green, nonacidic conserved residues in the CA regions that are not related to the WH2 family. The CA regions are shown boxed. The C regions appear to have homology with the WH2 motif. The A regions are included for size comparison and show no homology with the WH2 family. All sequences are human, except Tb9 (bovine), actobindin (amoeba) and ciboulot (Drosophila). , 1997) . Similarly, the structures of gelsolin domain 4 (G4) and DBP in complex with actin (not shown) confirm that gelsolin and DBP sterically compete with Tb4 for the surface of actin (Robinson et al, 1999; Otterbein et al, 2002) . Superposition of actin-bound structures demonstrates smaller overlap of the binding sites for DNase I and profilin with Tb4 than observed for gelsolin and DBP ( Figure 5A and B), in line with crosslinking data Schutt et al, 1993; Ballweber et al, 1997) . The actin-binding sites of profilin and the Tb4 model show minor steric overlap. Biochemically, both profilin (residue Arg88; Korenbaum et al, 1998) and Tb4 (residue Lys3; have been shown to bind to actin residue Glu167. Hence, competition between profilin and N-terminus of Tb4 for actin (Yarmola et al, 2001) , probably mediated through residue Glu167, is a likely mechanism for harvesting the Tb4 store of ATP-actin during cell movement.
Mechanism of actin sequestration
The mechanism of Tb4 sequestration of actin monomers is illustrated by superimposing copies of the Tb4:actin model ( Figure 2C ) onto two actin protomers in a model of the actin filament. We have constructed a model of an ADP-actin filament (ADP model) by overlaying the structure of rhodamine-modified ADP-actin onto each actin protomer in a modified version of the Holmes model for F-actin ( Figure 5C ; Holmes et al, 1990; Otterbein et al, 2001) . The N-terminus and the C-terminal helix of Tb4 are observed to prevent sterically the Tb4-bound actin from joining either the pointed end or barbed end of an actin filament, respectively, in line with our functional data. Hence, Tb4 precludes actin from establishing longitudinal contacts with a filament and not by disrupting lateral contacts (Carlier et al, 1996) . This mechanism agrees with earlier models that arose from crosslinking data, in that Tb4 caps both ends of an actin monomer Hertzog et al, 2004) . However, the C-terminal cap lies between actin subdomains 2 and 4 rather than being bound exclusively by subdomain 2 as had been predicted. Tb4 interacts at high concentrations with actin filaments (Carlier et al, 1996) . This is not predicted by the Tb4:actin model ( Figure 5C ). A structural change, involving either the loss of binding of the extremities of Tb4 or a change in actin filament conformation, is required to overcome the capping nature of the termini of Tb4 in order to allow filament binding. The change in twist of Tb4 decorated filaments, from crossover spacing of 36.0-40.5 nm, revealed by electron microscopy, may at least partially accommodate Tb4 (Ballweber et al, 2002) .
Actin nucleotide exchange is diminished on binding Tb4, leading to the notion that Tb4 closes the nucleotide-binding cleft (De La Cruz et al, 2000) . The width of the nucleotide cleft in this structure falls into the normal range refined for other actin structures, with the exception of the profilinbound open state of ATP-actin (Chik et al, 1996) . It should be noted that most other actin structures also have been elucidated in the presence of agents that lower nucleotide exchange, for example, gelsolin and DNase I Robinson et al, 1999; Irobi et al, 2003) . This structure shows that the C-terminal capping helix of Tb4 occupies a position between actin subdomains 2 and 4 that locks actin into the standard conformation. Hence, prevention of the dynamic opening and closing of the two halves of actin inhibits nucleotide exchange.
The Tb4 binding interface also suggests how Tb4 preferentially binds to MgATP-actin (50-fold higher affinity than for MgADP-actin; Carlier et al, 1993) , by sensing conformational changes in actin subdomain 2 relative to subdomain 4. Indeed, the ADP-actin:ciboulot structure lacks density for the capping helix indicative of a compromised binding site . However, missing in metastasis (MIM), a WH2-containing protein that lacks a capping helix also, displays nucleotide specificity (Mattila et al, 2003) . Hence, nucleotide-sensing elements may reside in both termini of Tb4 .
Members of the Tb4 family of proteins share strong sequence homology and sequester actin in a similar manner. The functional differences between Tb4 and Tb15 have been determined to lie in the last 10 amino acids (Eadie et al, 2000) . In the present structure, only one residue varies between the two proteins (Q39E), a residue that is not in contact with actin, and the final four residues are disordered (Figure 4 ). Within this disordered region, Gly41 may serve to terminate the Tb4 C-terminal helix. Thus, the Tb15 helix may be longer and provide additional interaction with actin.
Implications for WH2 family proteins b-Thymosins are members of a wider family of WH2 domaincontaining proteins (Paunola et al, 2002) . In general, the sequence similarity of the WH2 motifs in comparison to Tb4 is clear in the N-terminal half, which includes the N-terminal amphipathic helix and gelsolin-related central region (Figure 4) . Sequence similarity in the C-terminal half is less reliable and the minus-end capping helix is absent in many cases. One particular member of note is MIM, a protein containing a C-terminal, truncated WH2 domain that lacks the minus-end capping helix. This protein sequesters actin monomers, but allows barbed end assembly (Mattila et al, 2003) . The absence of the minus-end capping helix is consistent with the ability of the MIM:actin complex to join only the barbed end of a filament. Once bound, we propose that a conformational change in the ATP-actin monomer to an ATP F-actin conformation releases MIM in a mechanism paralleling the release of profilin from the profilin:actin complex (dos Remedios et al, 2003) . Given the structural relationship of Tb4 and profilin, with respect to actin ( Figure 5B ), we suggest that the WH2 N-terminal helix functions as an actin conformation sensor in this process. This mechanism may be a common feature for WH2-containing proteins and an important factor in general actin dynamics. The presence of the WH2 N-terminal actin conformational sensor allows polymerization-promoting proteins to be released after contributing an actin protomer to the filament, while ensuring that actin-sequestering proteins are prevented from capping the barbed end of the filament.
More exotic members of the WH2 family are the multiple repeat proteins, actobindin (two repeats) and ciboulot (three repeats), which show a high degree of amino-acid sequence conservation throughout the Tb4 motif (Figure 4) . Curiously, . The actins are colored sky blue and Tb4s are painted as in Figure 2A . This representation shows that capping by the N-terminal helix and the minus-end capping helix prevent the Tb4:actin complex from joining either end of a filament. The model also demonstrates that multiple WH2 repeat proteins will bind actin protomers in a longitudinal manner, along the axis of the filament.
Structure of the G1-Tb4:actin complex E Irobi et al actobindin appears to also contain a third partial repeat. The sequence homology in each of the Tb4-like motifs, domains that have no structural core and hence have been conserved purely due to functional pressures, suggests that these proteins will be able to bind multiple actin protomers, as has been described for actobindin (Bubb et al, 1991) . Figure 5C , therefore, also represents a model of a double domain Tb4-like protein, such as actobindin. The C-terminus of the first Tb4 repeat (gold) is seen to be in close proximity to the Nterminus of the second (pink), and as such, multiple WH2 repeat proteins will associate with longitudinally related actin protomers, with respect to a filament. Ciboulot and actobindin facilitate the addition of actin monomers to the barbed end but cap the pointed end of F-actin (Boquet et al, 2000; Hertzog et al, 2002) . Hertzog et al (2004) demonstrated a second mechanism by which a WH2 domain may participate in barbed end elongation. The C-terminal cap from domain 1 of ciboulot displays lower affinity for actin than that of Tb4. Thus, the C-terminal cap dynamically moves on and off the bound actin allowing the complex to join the barbed end of a filament.
A third mechanism for these activities can be proposed by considering the proximity of the N-terminal sensor helix and the C-terminal minus-end capping helix within two connected Tb4-like repeats. The actin conformational sensor from one repeat may be able to release the C-terminal cap from and actin monomer bound to the adjacent C-terminal repeat during barbed end elongation ( Figure 5C ). At the pointed end of the filament, the final C-terminal minus-end capping helix is not sensitive to filament formation and provides a stable, pointed-end cap.
WH2 motif in Arp2/3 activation A particularly prominent subset of WH2-containing proteins is the WASp/WAVE family, proteins that contribute an actin monomer to, and activate, the arp2/3 complex during filament branching (Welch and Mullins, 2002) . The C-termini of the WASp/WAVE proteins comprise the VCA motif (V, another notation for the WH2 motif; C, a connecting region; and A, an acidic region). During VCA-induced arp2/3 activation, the V region binds to G-actin and the CA regions contact arp2/3 (Panchal et al, 2003) . N-WASp, which contains two tandem V regions, will associate with two longitudinally related actin monomers in a similar manner to actobindin (Figures 4 and  5C ). Sequence comparison of the C and V motifs shows many similarities, particularly in the N-terminal amphipathic helices (Figure 4 ). An interesting possibility is that the C region functionally and structurally mimics the WH2 motif, but with specificity for arp2 rather than for actin . This notion is consistent with VCA binding increasing the affinity of arp2/3 for ATP (Le Clainche et al, 2001) , as the C region would stabilize a closed form of arp2 in a similar manner to the stabilization of the closed form of actin induced through Tb4 binding.
Superimposing actin and arp2, from the Tb4:actin model ( Figure 2C ) and the arp2/3 structure (Robinson et al, 2001) , respectively, provides a model as to how the C region may bind to arp2/3 and affords new insight into the activation mechanism ( Figure 6) . A major implication of this model is that the C region will dock the V region-bound actin onto arp2, in the daughter filament, in an actin filament-like orientation during arp2/3 activation. Within the model (Figure 6 ), the N-terminus of the C region lies at the interface between arp2 (yellow) and ARC1 (p41, green) and the A region at the interface between arp2 (yellow) and arp3 (red) and proximal to ARC3 (p21, leaf green). The VCA motif has been chemically crosslinked to these four subunits (Zalevsky et al, 2001 ). This location is consistent with the rotation model of arp2/3 activation (Robinson et al, 2001) , in that the A region is well situated to influence the position of arp2 with respect to arp3 and to allow the two halves of arp2/3 to rotate, enabling arp2 and arp3 to adopt a filament-like orientation. However, Figure 6 also suggests an alternative mechanism, which we shall refer to as the arp2 migration model. Arp2 may be released from its inhibitory interactions with ARC1 and arp3 through competitive interactions with the C and A regions. As such, arp2 will be tethered simply by the flexible N-terminal extension of ARC5 (p16, purple). The A region then may guide arp2 to into a filament-like orientation with arp3. The arp2 migration model, while speculative, has three particularly attractive features. First, all the arp2/3 subunits are implicated in the activation process: Arp2 and arp3 form the nucleus for the daughter filament; ARC1 maintains arp2 in an inactive conformation; ARC5 delivers arp2 to its nucleating position; ARC3 stabilizes arp2 in its nucleating position through direct interaction and through interaction with the A region of VCA; and finally, ARC2 and ARC4 (p20) provide the framework on which the conformational changes and the interaction with the mother filament occur (Gournier et al, 2001) . Second, the conformation sensing helices within VCA account for the transient binding of WASp/WAVE proteins Figure 6 Model of the role of the CA motif in arp2/3 activation. Tb4 docked onto arp2 within the ATP model of arp2/3 (based on PDB code 1K8K; Robinson et al, 2001 ). Arp2/3 subunits are colored as follows: Arp3, red; arp2, yellow; ARC1, green; ARC2, royal blue; ARC3, leaf green; ARC4, cyan; and ARC5, purple. The Tb4:actin model is superimposed on arp2, with only Tb4 (black) retained in the figure with its N-terminus labeled N. In this figure, Tb4 residues 1-25 represent the C region of the VCA arp2/3 activators, and residues 26-39 indicate the size and approximate location of the A region. This model is not meant to represent the true structure of the A region, rather to demonstrate that if the A region were to adopt an extended conformation, then it would be of an appropriate size and in the right locale to be able to contact both arp3 (red) and ARC3 (leaf green). 
